INTRODUCTION
============

The genomic structure and organization of the repeated ribosomal DNA cluster (rRNA genes) have been studied extensively in many organisms, from *Escherichia coli* to humans. With respect to the number of rDNA genes, *E.coli* has seven, four of which are located fairly close to the origin of replication but are not continuous, whereas the rDNAs of most eukaryotic organisms are tandemly repeated at one or a few chromosomal loci and are present in many copies. In contrast, certain organisms routinely harbor extrachromosomal rRNA genes ([@b1]).

The rRNA of *Saccharomyces cerevisiae* is encoded by the ribosomal RNA genes called *RDN1*, an ∼1.5 Mb region consisting of ∼150 tandem repeated copies of a 9.1 kb unit, on chromosome XII ([@b2]). A single 9.1 kb unit consists of two transcribed regions, the 35S precursor rRNA and 5S rRNA, and two non-transcribed regions, NTS1 and NTS2 ([Figure 1](#fig1){ref-type="fig"}). The DNA encoding the 35S rRNA and 5S rRNA genes is transcribed by RNA polymerase I (Pol I) and III (Pol III), respectively. Each rDNA unit has a replication fork barrier (RFB) and an autonomous replicating sequence (*ARS*) in the NTS1 and NTS2 regions, respectively ([@b3]--[@b5]). It has been reported that only 50% of the rRNA genes are transcribed even in rapidly growing cells and that half of the rRNA genes are inactive ([@b6]).

The copy number of the rDNA unit varies and its regulation requires some special genes, including *SIR2* and *FOB1*. The Sir2 protein, an NAD-dependent histone deacetylase ([@b7]--[@b9]), suppresses meiotic and mitotic recombination within the rDNA ([@b10]--[@b12]). The Fob1 protein is required for replication fork blocking activity at the RFB site in rDNA, which appears to stimulate recombination directly within rDNA repeats and to play an essential role in rDNA expansion/contraction ([@b13],[@b14]). Accumulation of extrachromosomal rDNA circles (ERCs) ([@b15]) caused by recombination of the repeated sequence is promoted by *FOB1* ([@b16]) and suppressed by *SIR2* ([@b11],[@b17]). Sinclair and Guarente ([@b15]) have shown that ERCs accumulate in aging yeast cells and that these circles can cause aging. rDNA transcription by Pol I is associated with a distinct crescent-shaped subnuclear structure, the nucleolus, which also appears to be the major site of ribosomal assembly. In a strain carrying a plasmid with a single rDNA unit transcribed by Pol I, the nucleolus was fragmented and distributed throughout the nucleus ([@b18]). Moreover, when a gene transcribed by Pol II is integrated into the tandem array of *RDN1*, transcription of the gene is silenced ([@b19]--[@b21]). This transcriptional silencing of marker genes inserted into rDNA is abolished by loss of *SIR2* function ([@b22]). All of these observations suggest that rDNA is a suitable model for studying genomic stability as it relates to copy number fluctuation of repeated genes, but also the important processes of aging, nucleolus morphology and gene silencing.

In this study, we addressed the question of how chromosome XII context in *S.cerevisiae* affects rDNA copy number control and how it relates to various physiological endpoints relevant to rDNA function. To this end, we constructed deletion variants of chromosome XII, among them, a chromosome consisting solely of the rDNA cluster. A strain harboring this chromosome was found to have a decreased number of rDNA copies, a reduced life span, and an increased frequency of gene silencing, relative to the parent strain. We suggest that the entire chromosome XII context, including the non-rDNA-containing regions, plays an important role in maintaining normal rDNA function and constant rDNA copy number in *S.cerevisiae*.

MATERIALS AND METHODS
=====================

Strains, plasmids, media and transformation
-------------------------------------------

The yeast strains and plasmids used in this study are described in [Table 1](#tbl1){ref-type="table"}. All strains were derived from FY833 (*MAT*a *ura3-52 his3Δ200 leu2Δ1 lys2Δ202 trp1Δ63*) ([@b23]). FY833 *fob1*::*HIS3* (ID-10) was constructed by transforming FY833 with p2453 (also known as pTAK024) linearized with EcoRI (gift of T. Kobayashi) ([@b13]). Plasmids pUG6-CEN4, pUG6-*CgHIS3*, pUG6-*CgTRP1* and pUG6-*CgLEU2* ([@b24]) were used as templates for preparing splitting fragments. p3018 (also known as pSK-U) was used as a template plasmid for amplification of *URA3* gene in the silencing analysis. p3151 (also known as YCp-FOB1, gift of T. Kobayashi) ([@b14]) and p3150 (also known as YCp-Nop1::GFP, gift of Y. Kikuchi) ([@b25]) were used to introduce the *FOB1* gene and for visualization of the nucleolus, respectively. Strains were propagated in YPAD nutrient medium and synthetic complete (SC) medium as described ([@b26]) and were cultured at 30°C. The SC-Ura and 5-fluoroorotic acid (5-FOA) media were prepared as described ([@b27]). Yeast transformation was performed according to the high efficiency transformation protocol described by Gietz and Schiestl ([@b28]). For transformation of *E.coli*, a Z-Competent *E.coli* transformation kit system was used (Zymo Research, USA).

Oligonucleotides, PCR and other methods
---------------------------------------

The oligonucleotides used in this study are described in [Table 2](#tbl2){ref-type="table"}. *Saccharomyces* Genome Database (<http://yeastgenome.org/>) was used to design the splitting points and the oligonucleotides. PCR was performed as described elsewhere ([@b29]). To split 610 kb from the right end of chromosome XII, two splitting fragments were prepared using the following strategy: one splitting fragment (R-I) consisted of *CgTRP1*, a telomeric 5′-(C~4~A~2~)~6~-3′ repeat sequence and a target sequence. The 1.2 kb *CgTRP1* gene used to select yeast transformants was amplified by PCR using p3010 as template and loxP-F1 and Tr6-4 as primers. Independently, a 300 bp target sequence which corresponds to nucleotide position 468 931--469 225 of chromosome XII was amplified by PCR using genomic DNA from strain FY833 as template and rDNAr-1 and rDNAr-2 as primers. The 1.2 kb and the 300 bp PCR fragments were used as templates, and Tr6-4 and rDNAr-1 as primers for the second PCR to generate the 1.5 kb splitting fragment R-I. The other splitting fragment (R-II) containing *CEN4*, a telomeric repeat sequence and the target sequence was also amplified by two rounds of PCR as follows: a 0.8 kb PCR product containing *CEN4*, and telomeric repeat sequence was amplified by a first PCR using p3121 as template and loxP-F1 and Tr6-4 as primers. Separately, a 300 bp target sequence which corresponds to nucleotide position 469 226--469 530 of chromosome XII was amplified using genomic DNA from FY833 as template and rDNAr-3 and rDNAr-4 as primers. Then, a second PCR was performed using the 0.8 kb and the 300 bp PCR fragments as templates and Tr6-4 and rDNAr-4 as primers to generate the second 1.1 kb splitting fragment R-II. Next, two splitting fragments (L-I and L-II) for splitting 450 kb from the left end of chromosome XII were also prepared as described above. In this case, p3121, p3009 or p3008 (for splitting at the left end in the *fob1* mutants) were used as template plasmids and rDNAl-1, rDNAl-2, rDNAl-3, rDNAl-4, loxP-F1 and Tr6-4 were used as primers. The target sequence corresponds to nucleotide position 451 070--451 786 of chromosome XII. rDNA5S-1, rDNA5S-2, HaY12P3F, HaY12P3R, HaY12P5F and HaY12P5R were used as primers for the amplification of probe-5S (5S), probe-R (R) and probe-L (L), respectively, for Southern hybridization. To introduce *URA3* into the 18S rDNA region for silencing analysis, a DNA fragment containing *URA3* was amplified by PCR using p3018 as template and ura3-f and ura3-r as primers. Si-69 and Si-72 were used as primers for the amplification of a probe to detect a single copy gene for rDNA copy number determination. CHEF gel electrophoresis and Southern hybridization were performed as described elsewhere ([@b26]).

Estimation of rDNA copy number and rRNA quantification
------------------------------------------------------

Genomic DNA digested with at a unique KpnI site in the rDNA region was subjected to 0.8% agarose gel electrophoresis and analyzed by Southern hybridization using 5S rDNA as probe (500 bp fragment prepared by PCR), which hybridizes to chromosomal rDNA. To determine rDNA copy number, a single copy gene, *YDL183C* on a chromosome IV fragment (130 872--131 834) prepared by PCR, was used as an internal control. Intensity of hybridization signal was determined by Scion image (<http://www.scioncorp.com/>) and the copy number was calculated by comparing the signal strength of the hybridizing bands.

To quantify the rRNA, real-time quantitative RT--PCR using an ABI Prism 7300 sequence detector (TaqMan PCR; Applied Biosystems, CA, USA) was performed. The TaqMan RT--PCRs were carried out by two-step RT--PCR using the High capacity cDNA Archive kit (Applied Biosystems) and TaqMan Universal PCR Master Mix (Applied Biosystems). The probe and primers used for detection of the 18S rRNA were 5′-CAGCAGGCGCGCAAATTACCCA-3′ (TaqMan probe), 18S-F and 18S-R ([Table 2](#tbl2){ref-type="table"}). To detect the ACT1 as endogenous control, 5′-TCTATCGTCGGTAGACCA AGACACCA-3′ (TaqMan probe), ACT1-F and ACT1-R ([Table 2](#tbl2){ref-type="table"}) were used as probe and primers, respectively. The TaqMan probe was labeled in the 5′ end with FAM (fluoresceine) and in the 3′ end with MGB (quencher).

Silencing analysis and localization of the nucleolus
----------------------------------------------------

An analysis of silencing was performed as described by Huang and Moazed ([@b30]). A fragment containing *URA3* flanked by 50 bp of homologous region of 18S rDNA (nucleotide positions 456 940--456 980 and 456 981--457 030 on chromosome XII) was prepared and introduced into FY833, ID-1, ID-2, ID-8 and ID-12, to generate ID-16, ID-18, ID-19, ID-20 and ID-24, respectively. Integration of *URA3* into the 18S rDNA locus was confirmed by PCR (data not shown). Strains were grown in YPAD to an OD~600~ of 1.5 and 3 µl each of 10-fold serial dilutions were spotted on YPAD, SC-Ura and 5-FOA media. Plates were incubated at 30°C for 2--4 days. Silencing of *URA3* expression was evaluated qualitatively based on relative growth of the strains on SC-Ura (expression required for growth) and 5-FOA (silencing required for growth).

For determination of nucleolar localization, FY833, ID-1, ID-2 and ID-8 harboring p3150 were grown in YPAD for 1 day. An appropriate amount of cell suspension was mixed in Vectashield^®^ Mounting Medium with DAPI (Vector Laboratories, Inc., Burlingame, USA), and held for 10 min in the dark. DAPI and GFP fluorescence were observed by fluorescence microscopy (BX61 Olympus, Japan) and photographed using a CCD camera (CCD-EX1; Universal Imaging Corporation, USA). DAPI and GFP images were merged using Photoshop (Adobe system). The shape and localization of the nucleolus were determined from an analysis of these images for at least 100 cells in each strain.

Life span analysis and detection of ERC
---------------------------------------

The methods used for life span analysis are similar to those described by Kennedy *et al*. ([@b31]). Life spans were determined by counting the number of daughter cells generated by a single mother cell. A micromanipulator (SINGER MSN system series 200, Singer instruments, UK) was used to tease away and remove each daughter cell that emerged as a bud from its mother cell. Mother cells are larger than daughter cells and are easily distinguishable. Virgin cells to be used as mother cells for life span analysis were generated by randomly picking cells from a log-phase liquid culture that had been streaked onto a solid YPAD plate. At least 40 mother cells were used from each strain to generate life span curves and to determine average longevity.

In order to detect ERCs, genomic DNA was first prepared by the yeast DNA miniprep method ([@b32]) and then ERCs were resolved by loading the same volume of DNA on a 0.6% agarose gel without ethidium bromide run at 1 V/cm for 30 h followed by Southern hybridization using 5S rDNA as a probe.

RESULTS
=======

Construction of an artificial chromosome consisting solely of the rDNA cluster
------------------------------------------------------------------------------

The structure and organization of the yeast rDNA repeating unit located 450 kb from the left end and 610 kb from the right end of chromosome XII are shown in [Figure 1](#fig1){ref-type="fig"}. The size of chromosome XII is ∼2--3 Mb depending upon the rDNA copy number. To explore the biological significance of the context and organization of chromosome XII, we constructed a chromosome consisting of only the rDNA cluster ([Figure 2A](#fig2){ref-type="fig"}) by using the PCR-mediated chromosome splitting method ([@b24]). To split 610 kb from the right end of chromosome XII, two splitting fragments, R-I and R-II, were prepared as described in Materials and Methods. These 2 splitting fragments were introduced into FY833 and 19 Trp^+^ transformants were analyzed for karyotype by CHEF gel electrophoresis and Southern hybridization. Fifteen transformants (79%) showed that the 2.5 Mb chromosome XII was successfully split into 1900 and 610 kb chromosomes ([Figure 2B](#fig2){ref-type="fig"}). One such transformant was called ID-1.

We also split chromosome XII 450 kb from its left end. Two splitting fragments, L-I and L-II as described in Materials and Methods, were introduced into FY833 and three His^+^ transformants were analyzed for karyotype by CHEF gel electrophoresis and Southern hybridization. All transformants (100%) showed that the 2.5 Mb chromosome XII was successfully split into 450 and 2050 kb variants ([Figure 2C](#fig2){ref-type="fig"}). One such transformant was designated ID-2.

Because strain ID-1 was viable, we performed subsequent splitting 450 kb from the left end of the 1900 kb split chromosome. Two splitting fragments, L-I and L-II, were prepared by PCR and introduced into strain ID-1. If the 1900 kb split chromosome was split as expected at the target site, 450 kb and ∼1500 kb chromosomes should have been generated, the latter consisting solely of the rDNA cluster. Of 18 transformants tested 2 (ID-8 and ID-9) were found to harbor 450 kb bands in addition to the pre-existing 610 kb split chromosome ([Figure 2D and E](#fig2){ref-type="fig"}). However, when Southern hybridization analysis was conducted using the 5S rDNA as a probe, broad bands centered at about 350 kb (ID-8) ([Figure 2D](#fig2){ref-type="fig"}) and 700 kb (ID-9) ([Figure 2E](#fig2){ref-type="fig"}) in size were detected, although the expected size of the rDNA cluster was ∼1500 kb. Henceforth, a chromosome consisting solely of the rDNA cluster will be referred to as the 'rDNA chromosome.' To confirm variation of size of rDNA chromosome, we isolated larger number of single colonies from the strains ID-8 and ID-9. The results revealed that shortened and variable-sized rDNA chromosomes were also observed. Furthermore, when fluctuation of size of rDNA chromosome was examined in diploids made by crossing ID-8 with FY834 (harboring no split rDNA chromosome) and ID-9 with FY834, variable-sized rDNA chromosomes were observed. Theses results suggest that while it is possible to create an rDNA chromosome, such a structure is unstable and undergoes spontaneous rearrangement leading to smaller size variants.

rDNA copy number on the rDNA chromosome is less than on the chromosome XII but quantity of rRNA was indistinguishable from that in wild-type strain
---------------------------------------------------------------------------------------------------------------------------------------------------

To examine whether the faster migration of the rDNA chromosome on the CHEF gel was indeed caused by size reduction, rDNA copy number was estimated in the transformants carrying the rDNA chromosome. rDNA copy number is controlled by the RFB which allows progression of the DNA replication fork in the direction of 35S rRNA transcription, but not in the opposite direction ([@b13]). Fob1p is a *trans*-acting factor required for RFB to function and therefore, in a *fob1* mutant, the necessary homologous recombination does not occur, resulting in a fixed number of rDNA copies ([@b33]).

To investigate the mechanism underlying the reduction in the size of the rDNA chromosome, an rDNA chromosome was created in a *fob1* background (ID-10) by splitting chromosome XII in the right-hand region of the rDNA cluster, resulting in strain ID-11 ([Figure 3A](#fig3){ref-type="fig"}), and subsequently splitting the left-hand region of the rDNA cluster in ID-11, resulting in strain ID-12. CHEF gel analysis coupled with Southern hybridization indicated that a size reduction in the rDNA chromosome did not occur in strain ID-12 ([Figure 3B](#fig3){ref-type="fig"}). When a YCp-type plasmid harboring *FOB1* (p3151) was introduced into the *fob1* strain ID-12 (designated ID-13), the size of the rDNA cluster was found to decrease ([Figure 3C](#fig3){ref-type="fig"}), indicating that the decrease was caused by *FOB1*-dependent recombination within the rDNA cluster. To confirm this, genomic DNA was digested at a unique KpnI site in the rDNA unit and subjected to electrophoresis followed by Southern hybridization using 5S rDNA as a probe. As shown in [Figure 3D](#fig3){ref-type="fig"}, the copy number of the rDNA cluster in strains ID-8, ID-9 and ID-13 which exhibited a decrease in the size of the rDNA cluster is significantly reduced relative to that in other strains that did not undergo a change in rDNA size. These results indicate that the decrease in the size of rDNA cluster was indeed caused by the decrease in rDNA copy number. However, it should be noted that rDNA copy number differs among cells and during growth because the hybridization signal corresponding to the rDNA chromosome was broad.

We also determined the quantity of rRNA in the ID-8, ID-9 and ID-13 strains in which rDNA copy number was decreased by real-time quantitative PCR. Result revealed that quantity of rRNA was indistinguishable from that in the ID-1, ID-2 and wild-type strains in spite of decreased rDNA copy number ([Figure 3E](#fig3){ref-type="fig"}). We suppose that transcription of rDNA by Pol I may be increased according to decrease of rDNA copy number and consequently the synthesis of rRNA may be adjusted. In other words, artificially constructed rDNA chromosome was also normally regulated by Pol I-transcription machinery.

Growth rate decreases in the strain containing the rDNA chromosome
------------------------------------------------------------------

To determine the physiological effect of moving the rDNA cluster from its original position in chromosome XII, we next examined specific growth rate (µ) of strains having split-chromosomes. Growth of FY833 (wild-type strain), ID-1, ID-2, ID-8 and ID-9 was monitored by observing optical densities of the cultures at OD~660~, and specific growth rates were calculated ([Table 3](#tbl3){ref-type="table"}). The results reveal that the strains harboring the rDNA chromosome, ID-8 and ID-9, exhibited a significantly slower growth rate relative to the parental strain (FY833), and ID-1 and ID-2. Widianto *et al*. ([@b34]) reported that the growth rates of haploid strains having 17, 18, 19, 20 and 21 chromosomes were indistinguishable from that of a wild-type haploid having 16 chromosomes. It has also been reported that a hyper-recombination mutant which displays extremely high rates of intrachromosomal recombination has a reduced growth rate ([@b35]). Therefore, we presume that the recombination rate within the rDNA cluster may increase due to removal of the cluster from chromosome XII. We examined this possibility by determining specific growth rates in the *fob1* mutants, ID-10 (*fob1*), ID-11 (*fob1*), ID-12 (*fob1*) and found that they were not significantly different from that of wild type. When *FOB1* was introduced into strain ID-12, the specific growth rate of the resultant strain (ID-13) was found to decrease ([Table 3](#tbl3){ref-type="table"}). In addition, ∼10% marker loss (71 Ura^−^ colonies/674 total colonies tested and 94 Ura^−^ colonies/939 total colonies tested) within the rDNA cluster was observed in strains ID-19 (constructed by integrating *URA3* into *RND18* of ID-2) and ID-20 (constructed by integrating *URA3* into *RND18* of ID-8), respectively. This suggests that the decreased specific growth rate is at least partly caused by hyper-recombination within the rDNA cluster removed from its original position on chromosome XII, but not due to an increased number of chromosomes. However, we suggest that this is not the only mechanism because strain ID-2 displaying hyper-recombination exhibited similar growth rate to that of wild-type strain FY833. In addition *sir2* mutants with hyper-recombination of rDNA cluster is known to grow normally ([@b11]). We presume that another possible mechanism is that rDNA chromosome might be lost at relatively high frequency during mitotic division which leads to cell death. This was revealed by measuring the frequency of loss of rDNA chromosome, 6% (58 Trp^−^ colonies/970 total colonies tested), observed in diploid made by crossing ID-8 with W303-1B, whereas Trp^−^ colonies was not observed in diploid constructed by crossing ID-1 with W303-1B as control strain.

Silencing and localization of the nucleolus is affected by structural alteration of the rDNA cluster
----------------------------------------------------------------------------------------------------

It is known that in *S.cerevisiae*, gene silencing is observed at telomeres, at *HML* and *HMR* loci, and in the rDNA cluster region ([@b19],[@b36],[@b37]). As an example of the latter, transcription of Pol II-dependent reporter genes is silenced if inserted within the rDNA locus. To examine the effect of structural alterations of chromosome XII on silencing, the *URA3* gene was integrated into the 18S rDNA region of strains FY833 (WT), ID-1 (harboring 610 and 1900 kb split chromosomes), ID-2 (harboring 450 and 2050 kb split chromosomes), ID-8 (harboring 450, 610 and 350 kb split chromosomes, the latter consisting solely of the rDNA cluster) and ID-12 (*fob1* mutant harboring 450, 610 and 1500 kb split chromosomes, the latter consisting solely of the rDNA cluster), generating ID-16, ID-18, ID-19, ID-20 and ID-24, respectively. Silencing of *URA3* was evaluated qualitatively as a decrease in survival on medium lacking uracil and an increase in survival on 5-FOA medium ([Figure 4](#fig4){ref-type="fig"}). In SC-Ura, the growth of strains ID-16, ID-18 and ID-19 was reduced compared with strain S288C (*URA3*^+^). Growth in the strain containing the rDNA chromosome, ID-20, was reduced to an even greater extent. In addition, strains ID-20 and ID-24 exhibited better growth than strain ID-16, ID-18 and ID-19 on 5-FOA medium. These results indicate that silencing of *URA3* inserted within the rDNA locus was enhanced in the strains containing the rDNA chromosome compared with wild type (ID-16) and strains ID-18 and ID-19.

The nucleolus is the site of rDNA transcription by Pol I, processing of rRNA transcripts, and assembly of ribosomes and is a crescent-shaped structure that makes extensive contact with the nuclear envelope. It was reported that the localization and morphology of the nucleolus are affected by structural modification of the rDNA cluster ([@b38]). A strain carrying a plasmid with a single rDNA unit transcribed by Pol I was observed to contain a fragmented nucleolus distributed throughout the nucleus ([@b18]). To examine the morphology and localization of the nucleolus in strains FY833, ID-1, ID-2 and ID-8 carrying split-chromosomes, plasmid p3150 expressing a GFP-tagged Nop1p, a nucleolar marker protein, was introduced into each, resulting in strains ID-29, ID-30, ID-31 and ID-32, respectively. The results of this analysis are shown in [Figure 5](#fig5){ref-type="fig"}. Nop1p was localized at the nuclear periphery in the form of a typical crescent-shaped nucleolar structure in the control strain ID-29. In contrast, a single and occasionally (6∼12% frequency) two foci for Nop1p and a rounded nucleolus were seen in strains ID-30, ID-31 and ID-32, while only one focus for Nop1p observed in strain ID-29, suggesting that morphology and localization of the nucleolus are affected by splitting chromosome XII itself or by release of the rDNA cluster from chromosome XII.

Life span is reduced by splitting of the 450 kb region from left end of chromosome XII
--------------------------------------------------------------------------------------

In *S.cerevisiae*, hyper-recombination in the rDNA cluster has been demonstrated to be a cause of aging in mother cells. In old mother cells which display a shortened life span, DNA circles containing a variable number of rDNA repeats (ERC) arise, suggesting that the ERCs are a cause of aging ([@b15]). A *fob1* mutation was reported to result in a decreased rDNA recombination rate leading to a decreased amount of ERCs, and consequently an increased life span ([@b16]). The average life span of strains FY833 and ID-1 (harboring 610 and 1900 kb split chromosomes) was 34.1 and 31.9 generations, respectively, while that of strains ID-2 (harboring 450 and 2050 kb split chromosomes) and ID-8 (harboring 450, 610 and 350 kb split chromosomes, the latter consisting solely of the rDNA cluster) was 20.6 and 22.7 generations, respectively ([Figure 6A](#fig6){ref-type="fig"}). On the other hand, average life span of the *fob1* mutants (ID-10, ID-11 and ID-12), in which the rDNA copy number was fixed, was 42.5, 41.2 and 30.1 generations, respectively. However, it is noted that deletion of *fob1* does not completely rescue the life span effects, suggesting that this is a *fob1*-independent life span shortening effect of splitting the chromosomes. When *FOB1* was introduced into strain ID-12, the life span of the resultant strain (ID-13) was reduced again (19.9 generation) ([Figure 6B](#fig6){ref-type="fig"}), indicating that the strains harboring split chromosomes (450 kb) consisting of the left region of chromosome XII or/and only of the rDNA cluster (1500 kb) have a shorter life span than the other strains including wild-type. To explore whether splitting of the 450 kb region from the left end of chromosome XII was responsible for the decreased life span, we analyzed the life span of strains in which chromosome XII was split 193 kb (nucleotide position 193 850) or 330 kb (nucleotide position 329 560) from the left end, respectively. The life span of these strains was indistinguishable from that of the wild-type strain (data not shown).

Because strains ID-2 and ID-8, but not strain ID-1, displayed a decrease in life span, we examined whether this phenotype could be attributed to an abundance of ERCs by estimating ERC accumulation ([Figure 6C](#fig6){ref-type="fig"}). In strains ID-2 (lane 3) and ID-8 (lane 4), more ERCs accumulated compared with wild-type (FY833, lane 1) and ID-1 (lane 2). In the *fob1* mutants, ERC accumulation was not observed, as expected ([Figure 6C](#fig6){ref-type="fig"}, lanes 5--8) as deletion of *FOB1* suppresses blocking of the replication fork and rDNA recombination. All of these observations suggest that splitting of the 450 kb region from the left end of chromosome XII promotes hyper-recombination within the rDNA cluster and that this hyper-recombination affects life span through accumulation of ERCs.

DISCUSSION
==========

While rRNA genes are transcribed with high efficiency in order to keep pace with metabolic activity ([@b39]), the rate of rRNA synthesis is regulated in response to environmental conditions. During exponential growth, about half of the rRNA genes are transcribed by Pol I ([@b40]). French *et al*. ([@b41]) reported that rRNA synthesis rates were approximately the same in a strain with a typical number of rRNA genes (143 copies in this case) and in a strain with a reduced number (42 copies), but which grew as well as the control strains. However, the average number of Pol I molecules per gene was found to be higher in the strain with the reduced number of rRNA genes. In the present study, we demonstrate that rDNA copy number fluctuated and decreased when the rDNA cluster consisting of ∼150 tandem repeats was removed from its original position on chromosome XII ([Figure 3D](#fig3){ref-type="fig"}). Nonetheless, the quantity of rRNA in the ID-8 and ID-9 strains in which rDNA copy number was reduced was indistinguishable from that in the ID-1, ID-2 and wild-type strains as determined by real-time RT-PCR ([Figure 3E](#fig3){ref-type="fig"}). Therefore, we suggest that flanking upstream and/or downstream regions of the rDNA cluster may be necessary for maintenance of normal rDNA copy number, ∼150, and that fluctuation of copy number may occur if an unusual chromosome structure such as an rDNA-only chromosome arises. It is also possible that yeast regulates the rate of rRNA synthesis from the rDNA genes even on an rDNA-only chromosome in response to copy number fluctuation.

In the strain harboring an unusual chromosome consisting solely of the rDNA cluster, silencing of *URA3* inserted within the rDNA locus was found to increase relative to the wild-type strain and strains harboring a split chromosome consisting of the upstream or downstream region of chromosome XII ([Figure 4](#fig4){ref-type="fig"}). Transcriptional silencing in *S.cerevisiae* occurs at the silent mating-type loci *HML* and *HMR,* and at telomeres mediated by the SIR complex consisting of Sir2p, Sir3p and Sir4p ([@b42]). Sir2p, but not Sir3p or Sir4p, is required for silencing in the rDNA cluster region ([@b21]). Smith *et al*. ([@b43]) have shown that alterations in *SIR2* gene dosage dramatically affect the level of rDNA silencing, suggesting that a limiting pool of Sir2p is distributed between telomeres, *HM* loci and rDNA. Therefore, we presume that the increase in silencing may have resulted from a greater localized concentration of Sir2p at the rDNA cluster. One possible mechanism for this is that more telomere-associated Sir2p moved to the rDNA. In this regard, a telomeric repeat sequence, 5′-(C~4~A~2~)~6~-3′ was artificially added to the split rDNA chromosome. Therefore, we presume that telomere length could be shortened due to this artificial telomere seeding. If such is the case, some telomere-associated Sir2p may have translocated to the rDNA cluster, increasing the amount of Sir2p available for rDNA silencing. We examined this possibility by determining telomere length in the FY833, ID-1, ID-2, ID-8 and ID-12 strains. However, telomere length was found to be the same in all strains (data not shown), suggesting that the increased silencing in the rDNA locus was not caused by an increased amount of Sir2p in the rDNA cluster region through shortened telomere length. The fact that both silencing and rDNA recombination increased in strains ID-8 and ID-12 suggests that these are Sir2-independent events because increased Sir2 activity at the rDNA locus is expected to increase silencing, but decrease recombination. Another possibility is that an unusual rDNA structure arose as a result of the splitting, and this unusual structure affects silencing. Because the rRNA content in the strain harboring the rDNA chromosome did not change significantly, in spite of the decrease in rDNA copy number, we presume that Pol I in the strain harboring the rDNA chromosome was able to transcribe rDNA genes more efficiently in order to meet metabolic demand. If so, increased transcription of rDNA by Pol I may prevent access of Pol II machinery, resulting in an increase in silencing. Cioci *et al*. ([@b44]) reported that silencing of reporters is much stronger in a mutant with ∼25 rDNA copies, all of which are transcriptionally active, than in a control strain with ∼190 copies, and that rDNA chromatin structure that favors Pol I transcription of rRNA genes decreases or silences expression of a Pol II reporter. Therefore, we presume that increased silencing may be a consequence of decreased copy number of rDNA generated by release of the rDNA cluster from chromosome XII, but not by removal *per se* of the rDNA cluster.

Strains ID-2 and ID-8 were found to have a shorter life span than the other strains and ERCs were found to accumulate in them ([Figure 6A and B](#fig6){ref-type="fig"}). As a result of splitting chromosome XII, the total number of chromosomes increased from 16 in wild type to 17 in ID-2 and 18 in ID-8. An increase in chromosome number may result in a shorter life span. Thus, we examined the effect of an increased number of chromosomes on life span in strain YMH471 ([@b34]) harboring 21 chromosomes. The life span of this strain was found to be no different than that of wild type (data not shown). It has been established that *trans*-acting factors such as Fob1p and Sir2p are important for regulating copy number of rDNA, silencing and aging ([@b16],[@b17],[@b22],[@b30]).

Michel *et al*. ([@b45]) reported that short rDNA clones that arose from a single-step deletion event in a chromosome with normal rDNA length caused an increase in telomeric and mating-type gene silencing. They also reported that short rDNA strains (∼135 copies) display normal rDNA silencing and a life span indistinguishable from that of wild type. In contrast, in the present study, when the rDNA cluster consisting of ∼150 tandem repeats was removed from its original position on chromosome XII, rDNA copy number decreased and the resulting short rDNA strains (54∼77 copies) displayed a shortened life span and an increase in transcriptional silencing in the rDNA cluster region. These contradictory results may be due to significant differences related to the context of the chromosome harboring the shortened rDNA cluster.

Our results suggest that the context of chromosome XII itself also influences a variety of rDNA-related phenotypes. The unique chromosomes described in this study in which the rDNA cluster region has been precisely manipulated should be useful reagents for evaluating rDNA-dependent cellular processes.
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![Structure of rDNA repeats in *S.cerevisiae*. The rDNA repeats, present in 150∼200 copies on chromosome XII, are indicated. Each repeat contains the coding sequence for 35S rRNA and 5S rRNA, transcribed in the direction of the arrows, and NTS1 and NTS2 regions that are not transcribed. NTS1 and NTS2 contain the RFB and *ARS*, respectively. The locations of the hybridization probes L, 5S and R are also shown.](gkl293f1){#fig1}

![(**A**) Structure of split chromosomes and rDNA chromosome and analysis of split-chromosomes by CHEF gel electrophoresis and Southern hybridization. Chromosomal DNA was isolated from the following strains: (**B**) ID-1, (**C**) ID-2, (**D**) ID-8 and (**E**) ID-9. For Southern hybridization analysis, L, R and 5S containing 1 kb of chromosome XII 50 kb from the left or right end, or 500 bp of 5S rDNA, respectively, were used as probes. The positions of the probes are indicated in [Figure 1](#fig1){ref-type="fig"}.](gkl293f2){#fig2}

![Analysis of split-chromosomes in the *fob1* mutants by CHEF gel electrophoresis and Southern hybridization (A--C). Chromosomal DNA was isolated from the following strains: (**A**) ID-11, (**B**) ID-12 and (**C**) ID-13. (**D**) Analysis of rDNA copy numbers. Genomic DNA was digested at a unique KpnI site in the rDNA unit and subjected to electrophoresis followed by Southern hybridization using 5S rDNA as a probe. A single copy gene was used as an internal control for normalization. Because the normalization factor for the 5S rDNA probe was found to be 15 relative to the single copy gene, rDNA copy numbers were determined by multiplying by 15. (**E**) Relative quantification of 18S rRNA using real-time RT--PCR. The 18S rRNA amount is divided by the ACT1 amount to obtain a normalized 18S rRNA value and the normalized amount of 18S rRNA in FY833 (WT) was used to compare the relative amount of 18S rRNA in different strains.](gkl293f3){#fig3}

![Silencing level in various strains containing split-chromosomes. Each strain was grown in YPAD to an OD~600~ = 1.5 and 3 µl each of 10-fold serial dilutions were spotted on YPAD, SC-Ura and 5-FOA media to determine silencing of *URA3* expression at the rDNA locus.](gkl293f4){#fig4}

![Analysis of morphology and localization of the nucleolus in various strains in which chromosome XII was split. Strains ID-29, ID-30, ID-31 and ID-32 were analyzed for localization of the nucleolar protein Nop1p. The frequency in which Nop1p appears in two foci in strains ID-30, ID-31 and ID-32 was 6.5, 6.4 and 12.6%, respectively.](gkl293f5){#fig5}

![Life span of various strains containing spilt-chromosomes. (**A**) Average life spans for FY833 (WT), ID-1, ID-2 and ID-8 strains were 34.1, 31.9, 20.6 and 22.7 generations, respectively. (**B**) Average life spans for the *fob1* mutants, ID-10, ID-11, ID-12 and ID-13 were 42.5, 41.2, 30.1 and 19.9 generations, respectively. (**C**) Detection of the ERCs. DNA isolated from various strains was subjected to electrophoresis (0.6% agarose gel for 30 h at 1 V/cm) followed by Southern hybridization using 5S rDNA as a probe. Thin arrows represent ERCs and thick arrow indicates hybridization signal of the genomic rDNA copies. M; Lambda DNA/HindIII marker.](gkl293f6){#fig6}

###### 

Yeast strains and plasmids used in this study

  Designation   Description
  ------------- -----------------------------------------------------------------------------------------------------------------------------------------
  Strains       
      FY833     *MAT*a *ura3-52 his3Δ200 leu2Δ1 lys2Δ202 trp1Δ63*
      FY834     *MAT*α *ura3-52 his3Δ200 leu2Δ1 lys2Δ202 trp1Δ63*
      W303-1B   *MAT*α *ura3-1 leu2-3,112 trp1 his3-11,15 ade2-1*
      S288C     *MAT*α *SUC2 mal mel gal2 CUP1 flo1 flo8-1*
      ID-1      FY833 \[CFXII/*TRP1*+rDNA-R proximal:1900 kb\] \[CFXII/rDNA-R distal:610 kb\]
      ID-2      FY833 \[CFXII/*HIS3*+rDNA-L proximal:450 kb\] \[CFXII/rDNA-L distal:2050 kb\]
      ID-8      FY833 \[CFXII/*HIS3*+rDNA-L proximal:450 kb\]\[rDNA cluster+*TRP1*\] \[CFXII/rDNA-R distal:610 kb\]
      ID-9      FY833 \[CFXII/*HIS3*+rDNA-L proximal:450 kb\]\[rDNA cluster+*TRP1*\] \[CFXII/rDNA-R distal:610 kb\]
      ID-10     FY833 *fob1::HIS3*
      ID-11     FY833 *fob1::HIS3*\[CFXII/*TRP1*+rDNA-R proximal:1900 kb\] \[CFXII/rDNA-R distal:610 kb\]
      ID-12     FY833 *fob1::HIS3*\[CFXII/*LEU2*+rDNA-L proximal:450 kb\] \[rDNA cluster+*TRP1*\] \[CFXII/rDNA-R distal:610 kb\]
      ID-13     FY833 *fob1::HIS3*\[CFXII/*LEU2*+rDNA-L proximal:450 kb\] \[rDNA cluster+*TRP1*\] \[CFXII/rDNA-R distal:610 kb\] \[p3151(=YCp+*FOB1*)\]
      ID-16     FY833 *rdn18::URA3*
      ID-18     ID-1 *rdn18::URA3*
      ID-19     ID-2 *rdn18::URA3*
      ID-20     ID-8 *rdn18::URA3*
      ID-24     ID-12 *rdn18::URA3*
      ID-29     FY833\[p3150(=YCp+Nop1::GFP)\]
      ID-30     ID-1 \[p3150(=YCp+Nop1::GFP)\]
      ID-31     ID-2 \[p3150(=YCp+Nop1::GFP)\]
      ID-32     ID-8 \[p3150(=YCp+Nop1::GFP)\]
  Plasmids      
      p3121     A derivative of pUG6 carrying *CEN4* (= pUG6-*CEN4*) (24)
      p3008     A derivative of pUG6 carrying *loxP-CgLEU2-loxP* (= pUG6-*CgLEU2*) (24)
      p3009     A derivative of pUG6 carrying *loxP-CgHIS3-loxP* (= pUG6-*CgHIS3*) (24)
      p3010     A derivative of pUG6 carrying *loxP-CgTRP1-loxP* (= pUG6-*CgTRP1*) (24)
      p2453     A derivative of pUC18 carrying *fob1Δ::HIS3* (= pTAK024) (13)
      p3018     A derivative of pBluscript II SK+ carrying *URA3* gene (= pSK-U)
      p3151     A derivative of YCplac33 carrying *FOB1* gene (= YCp-FOB1) (14)
      p3150     A derivative of YCp carrying *Nop1::GFP* (= YCp-Nop1::GFP) (25)

###### 

Oligonucleotides used in this study

  Oligonucleotides   Sequences
  ------------------ ------------------------------------------------------------------------------
  rDNAr-1            5′-GTTGTTTTTTTTTTCGCGCA-3′
  rDNAr-2            5′-CTGCAGCGTACGAAGCTTCAGCTGGCGGCCATGTGCCAGTTAAGCTATTT-3′
  rDNAr-3            5′-CTGCAGCGTACGAAGCTTCAGCTGGCGGCCCATGAAAAGGATGTAGAAAT-3′
  rDNAr-4            5′-AACGAACAACTTTATGAAGA-3′
  rDNAl-1            5′-TGTATATCACGTAATACACA-3′
  rDNAl-2            5′-CTGCAGCGTACGAAGCTTCAGCTGGCGGCCGCGTTCTATAGCAAACATGAGGAAATATCC-3′
  rDNAl-3            5′-CTGCAGCGTACGAAGCTTCAGCTGGCGGCCGCGTTCTATACGCTCTGATGGTGCGGAAAA-3′
  rDNAl-4            5′-TTTTTATTTCTTTCTAAGTG-3′
  Tr6-4              5′-(CCCCAA)~6~AGGCCACTAGTGGATCTGAT-3′
  loxP-F1            5′-GGCCGCCAGCTGAAGCTTCG-3′
  rDNA5S-1           5′-GCGGCCATATCTACCAGAAA-3′
  rDNA5S-2           5′-TGCGGAGTTGTAAGATGTAC-3′
  HaY12P3F           5′-CGGAATTCGAACATGTTTGCGCCTT-3′
  HaY12P3R           5′-ATAGCGTCATTTGGGCCGCTAGTAT-3′
  HaY12P5F           5′-CGGTAGTGCTGTTGTTTGTCAGG-3′
  HaY12P5R           5′-TTTCTCTTCTTCCAACCAGGC-3′
  ura3-f             5′-TCCATGCTAATATATTCGAGCAATACGCCTGCTTTGAACACTCTAATTTTGGGGATCCACTAGTTCTAGA-3′
  ura3-r             5′-CTAACCTTGAGTCCTTGTGGCTCTTGGCGAACCAGGACTTTTACTTTGAAAATTGGAGCTCCACCGCGGT-3′
  Si-69              5′-GGTTTACACCCCACCGTGAG-3′
  Si-72              5′-AGGGAACTGTTGGGATATAC-3′
  18S-F              5′-CCTGAGAAACGGCTACCACATC-3′
  18S-R              5′-ATTGTCACTACCTCCCTGAATTAGGA-3′
  ACT1-F             5′-CGCTCCTCGTGCTGTCTTC-3′
  ACT1-R             5′-TTGACCCATACCGACCATGATA-3′

###### 

Specific growth rates (µ) of yeast strains having different split-chromosomes

            Strains              Split chromosomes (Chr comosome XII)               Specific growth rate (h^−1^)
  --------- -------------------- -------------------------------------------------- ------------------------------
  *FOB1*    FY833                2500 kb                                            0.46 ± 0.04
            ID-1                 1900 and 610 kb                                    0.44 ± 0.02
            ID-2                 450 and 2050 kb                                    0.49 ± 0.05
            ID-8                 450, 350 kb (solely rDNA cluster) and 610 kb       0.34 ± 0.02
            ID-9                 450 kb, 700 kb (solely rDNA cluster) and 610 kb    0.36 ± 0.04
  *Δfob1*   ID-10                2500 kb                                            0.47 ± 0.05
            ID-11                1900 and 610 kb                                    0.48 ± 0.03
            ID-12                450 kb, 1500 kb (solely rDNA cluster) and 610 kb   0.42 ± 0.03
            ID-13 (YCp-*FOB1*)   450 kb, 730 kb (solely rDNA cluster) and 610 kb    0.37 ± 0.02
